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FACTORS AFFECTING ~ M&KUI@I LIFT-llRAGRATIO

AT HIGH SUPERSONIC SPEEDS

By Wles H. McLe13an and Robert W. Dunn@

SUMMARY .

A study of the factors tifectir& the maximum lift-drag ratio (L/D)W

has been conduct~ in em effort to determine how to obtaiti@@ aero-
dymmic (L/D~ values at high supersonic Mach nmbers. . WI&, bo~=j

and wing-body ccmibinationssre discbssed, ad some of the effects of
leading-edgeheating on wing geometry amd (L/D)W are included. It

appesrs hopeful that high (L/D)W values may be achieved at the high

supersonic Mach numbers by utilization of as high a Reynolds nunber
lsminsr flow as possible, low-aspect-ratiowings, favorable interference
effects, and the use of more radical configurations.

DJTRODUCTIOI?

At high supersonic speeds the importance of maintaining hi&h values
of m~ Eft-a.rag ratio (L/D)w in long-range vehicles is essen-

tially the same as at low speeds (refs. 1, 2, and 3). The range is .

primarily a function of the lift-drag ratio and the ratio of fuel weight
to gross weight. At very high speeds, the centrifugal forces also tifect
the range; however, in the present paper only the aerodynamic (L/D~

will be considered. As at low speeds, (L/D)W should not be increased

at the expense of excessive structural weight. Compar~ with the lower
speed ranges, the probla of obtaining high lift-drag ratios at very high
supersonic speeds is a relatively unexploral field requiring much further
investigation. It is the purpose of this paper to exsmine some of the
more important factors sffecting (L/D~.
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Reynolds number

Mach nunib~ .

lift-drag ratio

wing loading, ib/sq ft

wing area

temperature

ratio of wing thickness

wing aspect ratio

emissivi~

leading-age sweepback,

heat transf&, Btu/hr “

Subscripts:

“msxhmlm

L.E. le&31ng

w Wing

to chord

deg

edge

DISCUSSION

The skin friction, and, therefore, Reynolds nmber, is a major
factor and will be discussed ftist. For an airplane operating at its
(L/D)W the Reynolds number wUJ be determined by the wing loadjng,

(L/D)m, a Mach number. Figure 1 shows the probable range of Reynolds

nunber per foot for high-speed configurations operathg at (L/D)~.

The upper -t is defined by a high ~ 10ad@ @ a Mm aer-ic

(IJ/D)w, whereas the lower l=t b deftied by a low wing loading and

a low (L/D)W. ~ figwe 1 this upper limit has been chosen arbitrarily

as hav@ an (L/D)W of 6 and a wtng loading of UXl pounds per square

foot, and the lower limit of2andaw@ loading
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of 10 pounds per squsre foot. With moderate wing loadings, (L~)~

will be reached at altitudes between lCO,O(XIand 200,000 feet for
the high supersonic speeds. At these altitudes the Re@olds nunber

will be relatively low (ref. 4) (on the order of 1X 106 to 10x 106 on

a 10-foot chord) and, on the basis-of current research data, it appews
hopeful that laminar flow can be maintained over much of the configuration
(refs. 5 ami6 andunpublished data obttined~ the Langley ll-inchhyper-
sonic tunnel and in the Ames free-fU.ght tunnel).

The effect of Reynolds number on (L/D)W as thellachnmber

is increased is presented b fi~e 2 for the simplest possible case
of the two-dimensional flat late. With a

?
laminar boundaqy layer at

a Reynolds number of 1 X 10 , (L/D)W decreases with Mach number

until it reaches a nearly constant value of about 7 at Mach numbers of

10 sad above. For a Reynolds number of 10 X 106, the shape of the curve

6is the ssme as at 1 X 10 ; however, (L/D)~ is higher, being .on the

order of U at Mach numbers above 10. As expected, the turbulentlound-
ary lsyer gives values well below those of the lsminar boundary layer
for the lower Mach numbers; however,
(L/D~ is approaching the lsminar

cyldnder at a Reynolds number of 1 X
with the flat plate, have relatively

becomes obvious that the wing should

at the very high Mach numbers,
values. A 10° cone @ an infinite

106, which me shown for comparison
low values of (L/D)w, and it

be as big as practical with respect
to the b- to obt~ the hi&5st (L/D)w. ‘Ih &Li.tion, the Reynoids

number should be as high as possible without causing boundary-lsyer
transition.

Of course, a more realistic evaluation of wings reqtires consider-
ation of the effects of thiclmess. At high Mach numbers, a flat lower
surface and a thin nose angle are desirable (ref. 7), and this can best
be obtained in a wedge airfoil. Figure 3 shows the calculate effect of
thictiess.on wedge airfoil sections of infinite-spanwings at a Mach
number of 7. At the low thicknesses, the upper surface is shielded frcm
the free-stream flow; and as the thickness increased to about O.~ at

R=l X106and0. &at R= 1 X 107, the upper surface beccmes parallel
to the free stresm at (L/D~. Beyond this point, the upper surface
is exposed to the stresm. It is sometimes supposed that, at high super-
sonic Mach numbers, thiclmess-H be added to the upper surface in the
shielded region without affecting (L/D)W. It can be seen that even

partially filling in the shielded srea results in loss in (L/D~ at
this Mach number. Shilsx effects can be anticipated for other wing
sections.

t “-s
—-.,.,.. .-,.
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Another factor affecthg (L/D)W is the aspect ratio. As pointed
.

out previously, the Reynolds number should be as great as is consistent
with the maintenance of laminar flow. Early in the design of a configura-
tion the wing area and operating conditons will .probablybe fixed. With
a fixed-wing sxea, and operating conditions, the Reynolds nmber can be
increased by decreasing the aspect ratio. Figure 4 shows the variation of
(L/D)W with aspect ratio for a constant-area rectmgular wing tith a

shsrp-leading-edgesymmetrical double-wedge section at a Mach nwnber of 7.
As the aspect ratio decreases, the wing chord and, consequently, the
Reynolds nunber increase, and the skin friction decreases. without tip
effects, (L/D)w would conthually increase with decreasing aspect

ratio. The tip losses, however, reduce (L/D)W more at the low aspect

ratios so that, theoretically,.a maxiunm is reached in this particular
case at an aspect ratio of about 0.6. The two experimental points appesr
to a~ee with this trend even though the section was slightly different
for the low-aspect-ratiowing. (A s-percent-thick symmetrical double-wedge
section would be slightly lower.) At higher Mach nunibers,the optimum
aspect ratios would be smaller. The decrease in aspect ratio will prob-
ably reduce the structural thiclmess re@rements aud will allow thinner
sections to be used, which will increase the values of (L/D)W.

A similar effect would be expected for triangular plan-form wings.
In figure 5, (L/D)W at M = 7 has been plotted against aspect

ratio for the ssme sirfoil section and constant wing area for a fsmily
of triangular wings with a lsminar boundary layer. The calculated cue
is for the region with attached shock where the LLft-curve S1O e and
wave drag are constant (ref. 8). rThe change in estimated (L D)W

results from the change h sldn friction.

The experhental points sea to verify the theoretical trend. How-
ever, in all the experimentalwork at this Mach number in the Langley
n-inch hypersonic tunnel, the values of (L/D~ are lower than the

theoretical ones. Because of the so-called shock—boundary-lsyer inter-
action, the experhental nihdmum drag is considemibly greater than the
predicted drag. At the Mach nudber and Reynolds number of this investi-
gation, the boundary lsyer displaces the flow about the wing (ref. 9),
resulting in increased pressure which increases the skin friction for
the two-dimensional case by shout 20 percent. E@her Reynolds numbers
wtll decrease this effect, whereas higher Mach nuniberswill increase it.
As can be seen frm figures 4 and 5, there appears to be 13ttle differ-
ence either theoretically or experimentallybetween the rectangular wing
and the triangular wing of the same aspect ratio, and it would appear
that either low-aspect-ratiorectangular wings or very highly swept
trisagular w5_ngswill give the highest values of (L/D)W. The sweep

should not be increased or decreased to the point where

.
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the Reynolds number becanes so high that transition occurs on me wing.
Theoretical smd expertiental results (refs. 10 and 11) indicate that
transition OCCUYS esrlier with a swept leading edge than with an unswept
lesding edge. Therefore, higher,Reynolds nuniberI_smicarflow can prob-
ably be obtained on rectangular wings than on triangular ones. Further-
more, for the ssme average Reynolds rnmiberja triangular wing till have
a root-chord Reynolds number twice that of the rectsingularwing so that
transition would be expected at a lower .aversgeReynolds number on the

triangular wtng. It should also be noted that the -tri~ wing
(L/D)W could probabQ be improved by remo~g some of the low R~lds ‘

number high-drag tip.

Ia the high Mach number rsnge, the problem of aerdymmic heating
of the leading edge will also enter into the choice ‘ofthe wing plan
fOrm ● The highly swept wings have an advantage in that the heat transfer
per unit area to a blunt leading edge decreases with leading-edge sweep
(refs. 12 and 13) and allows the use of smaller leading-edge dismeters.
Furthermore, as is well known, the drag of a blunt leading edge decreases
with sweep angle (refs. 14 and 15). Therefore, the use of sweep would
be expected to decrease not only the required leading-edge diameter but
also the loss in (L/D)U due t~ a given leading-edgebluntness. IX

radiant cooling is used, the dismeter required is a function of both
Mach number and sweep angle. Figure 6 presents the dismeter required
for sn arbitrsry lesitlng-edgeequilibrium temperature of 2,500° 1?with
a surface ~ of 0.8 and at altitudes of interest at the high Mach num-
bers. Materials are availQble for use as leading edges which can be
operated at thLs and possibly even greater temperatures. Below M = 6,
the recovery temperature is below the 2,500° F limit; and a sharp leading
edge could be used with this tmperature Umit and,sweep would not be
necessary frmn the standpoint of leading-dge heating. With small
leading-edge sweeps, the diamet~ required increases very rapidly for
both the 100,000- and 150,000-foot altitudes as the Mach nwiber is
increasd above 6. The large sweep sngles greatly decrease the required
dismeter; however, even with large sweep angles, the diameters become
very large, on the order of several inches at high Mach numbers, and
some other means of cooling msy be required.

Since blunted leading edges may be required at the higher Mach
numbers, it is of interest to exsmine their effects on (L/D~. AS

au illustration, figure 7 has been prepsred for a @l-Bqyare-foot wing
at an altitude of 120,000 feet when flying at a Mach number of 11. At
lower Mach numbers, the curves are shilar to this one. Increasing the
sweep increases (L/D~ particularly for the lsrge lesding-edge

diameters. The aspect-ratio-O.3 rectangular wimg is about the ssme as
the 600 triangular wing. Except at the very small leading-edge dismeters,
the 70° swept wing has the highest (L/D~.

w

-——__.__,. ______ _ .—. — -—. —____ ______ ._..~
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Since the leading-edge diameter required for rsdi.antcoo~ng decreases
rapidly with high sweep angles,the hi& sweep angles would be preferred
for the radiant-cooling case. High sweep, however, msy not be necesssry
or even desirable if some means of forced cooling, such as transpiration
cooling, is employ&l, since the total heat to the leading edge is impor-
tant. This is illustrate in the following table which presents effects
of wing plan fom on (L/D~ with both forced ml radiant cooling for

the ssme conditions as figure 7 for lmninar boundary lsyer and M = U.,
S = 400 square feet, and & altitude of l$!0,000feet: -

Forced cooling
Radiant COO-,

%.E. = 212° F& %.E. = 2,5CQ0 Fa,

e = 0C8a

LI$ q @ q q

L.E. dim., in. . %.5 %5 .6.7 3.0

q, Btu X 106/hr ●79 2.05 1.61 5.64 2.98

(L/D~ 6.4 6.3 7.0 2.9 5.4

aAssumed value.

The lesding-edgedismeter should be kept as small as practical with a
forced cooling system. For this analysis, a l/2-inch diameter has been
assumed. The rectangular wing with forced cooling would have an (L/D~

value of 6.4 end would have a heat trsmf er to the leading edge of less
than 1 million Btu 1s per hour. This could be absorbed by evaporating
less than 1,000 pounds of water per hour. The 600 wing would have about
the same (L/D~, but because of its greater wing span would have

nearly three tties the amount of heat to be absorbed. The 70° wing would
have a higher (L/D& but would have over twice the amount of heat to

be absorbed as the rectmgular wing. Furthermore, the coo~ng system
would be spread out over a long leading edge re@ring more plumbing.
Therefore, for forced coo~ng, the very low-aspect-ratiorectangular
wings appear desirable.

For the radiant-cooled leading edge, (L/D~ would be very low

on the 600 wing because of the large leading edge required. Even the
70° wing requires a 3-inch leading-elge dismeter and has a value of
(L/D& of only 5.4. The loss in (L/D& probably would not be

.
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quite as ~ea$ in an actual application since the wings with low (L/D)W

should be operated at a higher altitude than for those with high (L/D)W.

However, this is a secondary effect which has been neglected. Still
larg= sweep angles would probably be desirable with radiant coolAng.

From the foregoing discussion, both the highly swept triangular
wings and the low-aspect-ratiorectangular wings begin to appear like
thin bodies, suggesting that the bodies should probably be shaped some-
what like thick wings. Bodies, however, hsve been discussd extensively
in the past (for exsmple, refs. 16 and 17) and will, thbrefore, be dis-
cussed only briefly. Figure 8 shows the general trend of increasing
(L/D~ as the bodies t+ke on more of a wing-like shape. The bodies

in order of the increasing (L/D~ are the 20° cone cylinder, the

10° cone cy~nder, a drooped-nose flat-bottmnedmodel with the upper
surface of the nose approximately filllng in,the lee side at (L/D~,

and the upper body in which the aspect ratio has been doublal. These
bodies are discussed more extensively in reference 16. The aspect ratios
are below the optimum for the flat-bottcmedbodies, and a considerabI.e

, penalty is being paid for fil~g in the lee side. A thin wing with
nesrly the same plan form and Reynolds number had an (L/D~ of about

5.4 as compaked with 4.4 for the best body in this figure.

The final object is to develop complete configurationswith high
(L/D~. Atthehigh supersonicMach numbers, config@ations are still

in the early stages of development. h figure 9, the estimated (L/D~

for two complete configurationsis shown. These configurations,with
the ssme body size, have rounded leading edges for radiant cooling for
Mach numbers up to about 7 and provisions for obtaining stability. The
calculations have been made for lsndnar flow at the altitude required
for the given wing loadings and the lift coefficients at (L/D~.

The more or less conventional configurationwith a trapezoidal wing
shows the values of (L/D~ that can be expected from present-type

aircraft. It utilizes wedge-shaped tail surfaces and can be expected
to have good stability characteristicsthroughout the speed range as well
as having a landing speed of only 1~0 knots. The value of (L/D&

with all lsminar flow varies frm to about 4. With this wing 10adiIlg

of SO pounds per square foot, (Li)W WaS obtained at a Reynolds

number of only 2 X 106 based on the mean aerodynamic chord, and lsminar
flow is likely over much of the configuration.

The three-wing configurationproposed in reference 3 to obtain high
(L/D)W at high Mach nunibers@ also shown in figure 9. ~s configura-

tion with lsminar flow has .==-estimat~@value of (L/D~ between 5 and 6.

=
i .:
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This relatively high value of (L/D)W results largely from the high .

wing area with respect to the body area, and to the high Reynolds number.
The high sweep decreases the leading-edgedrag, but the large surface
area of the nonlifting upper wing increases the sldn-frictiondrag of
the configuration. The negative dihedral is included for the low-speed
stabili~ and decreases the value of (L/D~ according to unpublished

wind-tunnel tests at Mach numbers from 3 to 6 in the Ames 10- by 14-inch
tunnel.

In”order to obtain higher values of (L/D)W, more radical config-

urations should be considerd. One possibility is to combine the body
and wing features into one. Figure 10 shows two such configurations.
No provisions have been made for obtaining stability or cooling of the
leading edge on these configurations. The volume normally obtained in
a body is obtaind by fil13ng in part of the area above the lower sur-
face on these configurations. A rectangular wedge-shaped configuration
of aspect ratio ().4 would have an estimated value of (L/D)W of 7

atM=3 andofnearly 10at M=12. The Reynolds numbers are very

high, 30X 106 at M = 10, and transitionmight occur. The increased
skin friction obtainedby assuming fully turbulent flow reduced (L/D~

to between 6 and 7.

The configurationwith a triangular plan form with clipped tips
had the same body volume and wing area as the rectangular configuration.
The value of (L/D)~ with laminar flow was about the seinefor the

two configurations. As pointed out previously, transition is more likely “
on the triangular-plan-formconfigurationsat a given Reynolds number
than with the rectangular one.

One factor involved in configuration development which needs to be
investigated is that of interference effects between wings and bodies.
Ferri, Clark, end Casaccio (ref. 18) have proposed the use of wedges
under wings to generate a high-pressure region and thereby increase the
lift. If a configuration can be designed so that existing high-pressure
regions, such as that emanating fran a body nose, are located under the

~, it should be possible to obtain increased values of (L/D~ as

a result of the interference effects.

Figure 11 shows the results of some unpublished calculationsby
A. J. Eggers, Jr., and Clarence A. Syvertson of the Ames Aeronautical
Laboratory for a highly swept zero-thiclmesswing in combination with
a half-conical body. This curve shows (L/D~ for the wing alone, body

under the W@, snd body above the wing for lsminar flow at a Mach num-
ber of 7; Putt~v the ccne body on the bottom of the wing entsdled much
smaller losses than putting the,cone body on the top because of the more .

-.
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favorable interference effects of the high pressure from the low bcdy
on the wing. Preliminary unpublished experimental results sea to verify
this trend. These interference effects are obviously very importsnt and
should be investigated further.

CONCLUDING REMARKS

In general, the study of how to obtain high
meximum lift-drag ratio (L/D)W ~ in~cat~

aerodynamic values of
that configurations

should be operated at as high a Reynolds nuniberas possible, providing
that the boundary layer remains lsminar. Low-aspect-ratiorectsagular
wings appesr to be best when small leading-edge diameters csm he used as
with transpiration cooling. When radiant cooling of the leading edge
is used, a highly swept wing may be desirable. By utilization of favor-
able interference effects and the use of the more radical configurations,
it appesrs hopeful that high values of (L/D)~ may be achieved at the

high supersonic Mach numbers.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., November 3, 1955.

*
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PROBABLE AIRPLANE ENVIRONMENT
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EFFECT OF THICKNESS
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EFFECT OF LEADING-EDGE DIAMETER ON +
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